In this work, mate choice is modeled by means of the abstract concept of mutual mating 1
Introduction 28
Mate choice is arguably one of the most active areas of evolutionary research. There has 29 been a lot controversy regarding the concept of mate choice. The debate around mate 30 choice was due in part to its importance for fields so diverse as population genetics, 31 evolutionary-ecology, animal behavior, sociology, or psychology. In addition, there has 32 been an excess of verbal models and imprecise terminology regarding different aspects 33 of mate choice (Edward, 2015) . Mate choice can be broadly described as the effect of 34 some expressed traits leading to non-random mating. Under this broad definition there 35 are various aspects that can be considered. Yet Darwin (1871) distinguishes between 36 intrasexual selection and intersexual selection. The first arises directly from competition 37 among individuals of the same sex while the second arises from choice of mates by the 38 other sex (Kuijper et al., 2012) . Alternatively, from a population genetics point of view, 39 mate choice is defined as the observed mating frequency deviation with respect to 40 random mating, considering population gene or phenotype frequencies. So defined, 41 mate choice can be partitioned into (intra)sexual selection, defined as the observed 42 change in gene or phenotype frequencies in mated individuals with respect to 43 population frequencies, and sexual isolation (behavioral isolation or intersexual 44 selection), defined as the deviation from random mating in mated individuals Alvarez and Caballero, 2000). In this work I followed these definitions of mate choice, 46 intrasexual and intersexual selection. 47
The many aspects and complexity of mate choice justifies the extensive research that 48 has been made in the last decades producing several theoretical models and empirical 49 tests. Related to modeling and detection of mate choice, there is the question about the 50 correct null hypothesis for testing the evolution of mate choice. The Lande-Kirpatrick 51 (L-K) model has been proposed as a null model (Kirkpatrick, 1982; Lande, 1981 ; Prum, 52 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/095901 doi: bioRxiv preprint first posted online Dec. 21, 2016; and Real, 2000) are also available under this setting. The standardized m ij values could 123 also be estimated a posteriori from the data. In this case they coincide with the pair total 124 index i.e. the ratio of the frequency of the observed types divided by the expected pair 125 types calculated from the total frequencies (PTI ij = q' ij /q ij Rolán-Alvarez and Caballero, 126 2000) which becomes an observation of the mutual mating propensity from the mating 127 phenotypes (see below). 128
Once we have the mating frequencies as defined in (1), the change with respect to 129 random mating is 130
131
The mean population change for a combined phenotype Z= X  Y is 132
Because the relationship in (1) is defined by ratios is more natural to express the 133 quantities in the logarithmic scale and so we can express m ij as 134 135 which in the logarithmic scale becomes 136 137 Thus, if we take the logarithm of the propensity as the combined phenotype Z and by 138 noting that q ij = 0 and that log(M) is constant through the summation, then we can 139 measure the mean population change L in relative propensity as 140
(2) 141 which is the Kullback-Leibler symmetrized divergence (noted as Jeffreys in Frank, 142 2012b) , that measures the gain in information when the differential mating propensity 143 moves the population from mating frequencies q to q' or vice versa. Note that if the 144 propensity is equal for every pair i.e. M = m ij  i,j then q' = q so that J = 0 which is the 145 minimum information value since J cannot be negative. 146
Recall from equation (1), that each m ij /M is the ratio of the frequency of the observed 147 types divided by the expected pair types from the total frequencies . This is, by 148 definition, the pair total index PTI (Rolán-Alvarez and Caballero, 2000) and so, the 149 logarithmic term in L is the logarithm of the PTI values. Therefore, J(q',q) measures 150 the gain in information as captured by the PTI coefficients, confronting the hypothesis 151 of mate choice against random mating. Hereafter, we note this J as J PTI . 152
Interestingly enough, the Jeffreys' divergence computed as J PTI (by taking the natural 153 logarithm and multiplying (2) by the total number of matings) is well approximated by a 154 chi-square for the null hypothesis of random mating with KK'-1 degrees of freedom 155 (Evren and Tuna, 2012) . 156
The information obtained from J PTI has been computed using the different propensities 157 as classes for classifying the couples i.e. we considered log(m) as the phenotype Z. 158
When the classes are based upon other phenotypes rather than propensities, we are 159 conveying a specific meaning for the change in frequencies, say, the change in mating 160 frequencies due to differential mutual propensities is observed in terms of change in 161 shell color mating frequencies. Therefore, the phenotype can be viewed as other scale 162 on which we can measure this information (Frank, 2013 When we observe any mating pair (i,j), we need to identify the mating by a given 168 characteristic (e.g. shell color) since we cannot directly classify it by the value of the 169 propensity function m ij . In general, we ignore the specific form of the mutual mating 170 propensity function m and so, we may assume that some phenotype matches it perfectly, 171 as we did above (each phenotypic pair was perfectly differentiated by specific m ij 172 mating propensity). 173
Therefore, we may think on different traits Z that classify the mating pairs; Z can be a 174 composition of female trait X, e.g. preference, and male target Y, or can be any kind of 175 different traits or alternatively the same trait in both sexes as size, age or color. In any 176 case, we measure the mean change in Z caused by differences in m, as 177
Where cov is the population covariance in the sense of Price (1972) 
The term changes the scale from mutual mating propensity to phenotypes. . This change can be studied using the frequencies within each sex, or 215 considering jointly both sexes, by using the pair sexual selection coefficient (PSS, 216
Rolán-Alvarez and Caballero, 2000). I will show that, when the PSS coefficients are 217 considered a priori as the marginal propensities for the mating types, the information 218 gained due to sexual selection is the sum of the information from each sex. When the 219 focus is on the phenotypes instead on the propensities, the partition continue to be true, 220
provided that the same phenotypic scale is applied when computing the PSS coefficients 221 and the intrasexual components. In addition to the computation within each sex, we can compare the expected pair types 247 under random mating calculated in mated individuals, with the expected pair types from 248 total numbers (PSS, see above). Thus,
The latter 249 term can be viewed as an a priori expression of the PSS coefficients. Again, the 250 difference between the observed and the expected distribution can be expressed as 251 , 252
where
In the scale of phenotypes 254
255
The change in the phenotype due to sexual selection is driven by the aprioristic version 256 of PSS, and is expressed in term of the information accumulated and rescaled from the 257 marginal propensities to Z. 258
The relationship between sexual selection measured within sex and the pair sexual 259 selection measured by PSS is (details in Appendix B) 260
And in the scale of phenotypes 262
provided that the same phenotypic scale applies in the pair sexual selection statistic and 264 in the intrasexual components (i.e. the criteria utilized for classifying the different 265 couples is the same). 266 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/095901 doi: bioRxiv preprint first posted online Dec. 21, 2016;
The information captured in the PSS coefficients is the sum of the sexual selection 267 within each sex. 268 269
Sexual isolation 270
Sexual isolation is defined as the deviation from random mating in mated individuals 271 (Rolán-Alvarez and Caballero, 2000). The pair sexual isolation statistic (PSI) is the 272 number of observed pair types divided by the expected pair types from mates. In terms 273 of our model this is the ratio of frequencies 274
The term  refers to an aprioristic (depends on the m's from the model) definition of the 276 The term q ij can be expressed as the sum of the frequency changes for sexual selection 300 and isolation 301
The logarithmic term log(q' ij /q ij ) which we have also noted as log(PTI) is also 303 partitioned in the sexual selection and isolation components 304
log(PTI) = log(PSS) + log(PSI). 305
Therefore 306
where E 0 =  ij ((p 1i p 2j )log(PSI ij ) + ( p' 1i p' 2j )log(PSS ij )). However, note that 309 (p' 1i p' 2j )log(PSS ij )) = 0 (see Appendix C) so finally 310
that can also be expressed as 312
which is a Kullback-Leibler-like divergence with weights w ij = (PSS ij -1)/ PTI ij in the 314 observations q'. Note that contrary to the standard K-L divergence, E 0 can be negative 315 depending on the weights. 316
The total information is separated into the sexual selection (J PSS ) and isolation (J PSI ) 317 components plus the mixed term E 0 . Note that E 0 appears only when both sexual 318 selection and sexual isolation effects occur. 319
If E 0 =0 this means that J PSS and/or J PSI capture the complete information from mate 320 choice. When E 0 is positive it indicates that the information gathered from J PSS and J PSI 321
is not the total information from mating choice. On the other side, when E 0 is negative 322 there is some overlap between sexual selection and sexual isolation information. 323
In the scale of phenotypes the partition still holds provided that the same phenotypic 324 classification is applied when computing the different measures 325
where ZE 0 is the value of E 0 in the phenotypic scale. 327
For any given logarithmic base, the amount of the total information, JZ PTI , depends on 328 the magnitude of the differences among the mutual mating propensity values in the 329 population. The higher the differences encountered the higher the value of JZ PTI . 330
Without loss of generality, from herein we consider the natural logarithm because this 331 facilitates testing against the null hypothesis of no information by means of the chi-332 square distribution. 333
If, as expected, the observations used to compute the information statistics come from 334 the same sample, the sum in (6) is exact so it recovers the whole information gathered 335 from mate choice. On the contrary, if the computations has been performed using 336 different samples, it could be a remaining part of mate choice information that is non-337 explained by the above statistics but that can be recovered by the error term 338 and so B' is p 1B n 1 ; the number of A males becomes p 2A n 2 and B males are p 2B n 2 . The 354 observed absolute number for each pair (i,j) would be q' ij t with i,j {A, B} (see Table  355 1). The total number of expected mating pairs from population frequencies is n 1 n 2 356 corresponding to the quantity S in (Rolán-Alvarez and Caballero, 2000). 357 were not able of distinguishing between female sexual selection and male preference for 370
M females. 371
To perform the analysis, we expressed the observed data from that experiment in terms 372 of the information model as presented in Table 1 . In doing so, and noting that the 373 observed number of mating pairs was t = 1704, we obtained the necessary quantities in 374 terms of our model (Table 2) . 375
The total mate choice information obtained in JZ PTI 
401

Exploring models 402
In the analysis performed above we used the information partition for testing if the 403 observations can be explained by random mating, in a similar way as we do when using 404 the I PSI statistic for testing sexual isolation (Carvajal-Rodriguez and Rolan-Alvarez, 405
However, the proposed theoretical framework permits going further than just testing 407 random mating. We can rely on the described properties of mutual propensities under 408 sexual selection and isolation, for defining different effects models. If we can define 409 models from which we can predict the effects, then we can try to fit and infer significant 410 parameters from the available data. 411
As an example, I have used the software InfoMating (Carvajal-Rodriguez, 2017) to 412 estimate the mutual mating propensity parameters associated to the data in Table 2 The obtained estimates under the BIC criterion were a = 2.47 and b = 0.64 which after 426 normalization, provide the mutual mating propensity estimates as they appear in Table  427 3. 428 TABLE 3. Mutual-propensity estimates from multimodel inference. 429 (Wagner, 2010) . 485
As with the fitness concept, the mate propensity faces two main aspects, namely the 486 measurement of differences between couples, and the intrinsic causes that provokes the 487 propensity values. By expressing the equation of change in terms of the choice 488 information and its components, this work focused in the first aspect. 489 I have connected the cause of mating choice, which is modeled by the abstract concept 490 of mutual mating propensity, with the different possible outcomes. Notably, the 491 connection between mate choice and its consequences appears in terms of information. 492
The general equation represents the information gained by mate choice with respect to 493 random mating. This general information is the sum of the information due to sexual 494 isolation and sexual selection, plus a mixed effect term that can be computed separately 495 from the others. The mixed term measures the adjustment of the partition components 496 with respect to the total mate choice information. In addition, the information from 497 sexual selection is the sum of the male and female intrasexual selection information. 498
Although the model has been constructed assuming discrete phenotypes, it is possible to 499 estimate the Kullback-Leiblerg divergence for the continuous case (Pérez-Cruz, 2008) 500 in order to apply a similar mate choice information partition for quantitative traits. 501
The information framework also provides a baseline for defining adequate null 502 hypotheses for the distinct aspects of the mate choice problem. In fact, the information 503 terms are mean log-likelihood ratios, so we can apply them for contrasting the different 504 null hypothesis about random mating, sexual selection, and isolation. 505
We can perform the test against random mating by considering a chi-square distribution 506
with KK'-1 degrees of freedom (Evren and Tuna, 2012; Sokal and Rohlf, 1981) , where 507 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/095901 doi: bioRxiv preprint first posted online Dec. 21, 2016; components correspond to K-1 and K' -1 degrees of freedom for K female and K' male 509 traits respectively. In addition, the sexual isolation component corresponds to (K-1)(K' -510 1) degrees of freedom. Of course, we may also use randomization tests if we prefer to 511 rely on the empirical distribution approach. 512
Therefore, if we want to contrast mate choice for a given trait Z, we test deviations from 513 zero information in JZ PTI and its components. However, if we want to contrast mate 514 choice in general, we must test deviations from zero information in J PTI which should be 515 the same that testing a flat preference function across all trait values (Edward, 2015) . In addition to the similarity models in which the same phenotype is involved in both 529 sexes, the preference-display models are also easily interpreted in terms of information 530 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/095901 doi: bioRxiv preprint first posted online Dec. 21, 2016;
and we have been able of inspecting models of full isolation, full intrasexual selection, 531
and mixed effect models. 532
To conclude, it is worth mentioning that the concept of mate choice is important in the 533 evolutionary theory and other disciplines. It has been approached from a diversity of 534 fields and inference methodologies, which has provoked that the terminology has not 535 always been very precise. This may have contributed to some confusion in terms of 536 Gaussian functions (Carvajal-Rodriguez and Rolán-Alvarez, 2014) then the term α z can 562 be separated from J PTI . In this case we could obtain J PTI by means of J(q', q) using the 563 estimated mating propensities to classify the frequencies and we still can use the 564 phenotypes Z and our proxy for m, to compute α z as the ratio of the corresponding 565 regressions. In this way, we have kept apart the information J from the scaling α. The 566 product of information and scale gives  m Z. 567
Suppose that the estimate of J PTI is different from zero while the scaling is α z = 0, then 568 mate choice do exist but it is not linked with the phenotype Z. An interested researcher 569 could compare different traits looking for the ones having the best scaling for the 570 information J PTI , i.e. the one that is more involved in the mate choice. It seems that if we 571 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/095901 doi: bioRxiv preprint first posted online Dec. 21, 2016; are able of having good proxies for mating propensity, this could pave the way for 572 testing the impact of different traits on mate choice. 573
Additionally, we still can compute directly Z = Z' -Z, i.e. the difference in phenotype 574 frequencies between observed and expected by random mating. Therefore, we have two 575 values,  m Z and Z, for the change in Z, the discrepancy between them gives an 576 estimate of the change in Z caused by other factors than mating propensity (e.g. 577 predators) so e z = Z - m Z. 578
Thus the total change in mean Z is 579
580
Appendix B
The relationship between sexual selection measured within sex and the pair sexual 581 selection measured by PSS is 582
To see this, recall that J PSS is the sum of products ( p 1i p 2j )  log((p' 1i p' 2j )/ (p 1i p 2j )). 584
Then note that 585 log((p' 1i p' 2j ) / (p 1i p 2j )) = log(p' 1i / p 1i ) + log(p' 2j / p 2j ) 586 and that 587  ij ( p 1i p 2j ) =  ij (p' 1i p' 2j -p 1i p 2j ) =  i p' 1i  j p' 2j - i p 1i  j p 2j = 0 588 because each summation is 1. Then, after some algebraic rearrangement we obtain 589 .
